R espiratory illnesses are a significant contributor to the morbidity and mortality of Aboriginal and Torres Strait Islander (Indigenous) Australians across all ages. 1, 2 Previous studies have highlighted the high incidence of respiratory disease in Indigenous Australians. 3, 4 In adults, asthma 5 and chronic obstructive pulmonary disease (COPD) 6 are the greatest contributors to the respiratory burden, with Indigenous Australians being 2.4 times more likely than non-Indigenous Australians to require hospitalisation. 7 Spirometry is the most common test 8 used to aid the diagnosis and management of respiratory diseases. As with all clinical tests, there are standards for performance and interpretation of results. 8, 9 The latter requires comparing the patient's spirometry values (forced expiratory volume in 1 second [FEV 1 ] and forced vital capacity [FVC] ) against reference values obtained from a representative "healthy" population matched for age, sex, height and ethnicity. 9, 10 The American Thoracic Society (ATS) 10 and European Respiratory Society (ERS) 11 outline criteria for developing spirometry reference values that include recruiting individuals who (i) are lifelong nonsmokers, (ii) are free from current respiratory symptoms or a diagnosed respiratory disease, and (iii) have spirometry performed in accordance with ATSeERS test criteria. 8 When validating an existing or new reference set using software developed by the Global Lung Function Initiative (GLI), 12 it is a requirement to have a minimum of 300 participants who meet these criteria.
Anthropometric measures have a significant influence on spirometry values. While the contribution of (and hence adjustment for) age, height and sex is not controversial, the impact of ethnicity is less well defined. The 2005 ATSeERS guidelines 8 recommend using ethnic-specific reference values to interpret spirometry results, but these do not exist for many of the world's ethnic groups. The GLI 12 recently presented validated spirometry reference values for people of European ancestry and three other ethnic groups. African American and South-East Asian groups were found to have FEV 1 and FVC values 10e16% lower than in people of European ancestry of matching sex, height and age, whereas values in North-East Asians were only 1e4% lower. Use of the correct reference values is important, as comparison against incorrect reference values could misclassify a person as having normal or abnormal lung function, and thus lead to possible misdiagnosis and either deprivation of necessary interventions or unwarranted overtreatment.
Given the high burden of respiratory disease in Indigenous Australians, the variations in ethnic adjustment factors and the implications for clinical care and outcomes, it is important to know how spirometry values in the Indigenous Australian population compare with those among people of European ancestry. This will inform what reference values or adjustment factors should be used. We undertook a systematic review of published and grey literature to explore community-based studies that reported on spirometry in healthy Indigenous Australians. Our objective was to determine whether (i) Aboriginal and Torres Strait Islander ethnicity influenced spirometry results; and (ii) any reliable healthy reference values or equations for spirometry (based on ATSeERS guidelines) existed for Indigenous Australians.
Methods

Search strategy
We identified studies by searching PubMed and Cochrane Library databases with the search text: (spirometry or forced expiratory volume) and (indigenous or native or Aboriginal or Torres Strait Islander) and (lung function or respiratory or pulmonary). The last searches were conducted in April 2016. We set no limit on the earliest date of publications to include. Details of the search strategy are outlined in the Appendix. We also searched bibliographies of included studies and key Indigenous Australian health-related websites (grey literature) to identify possible additional studies.
Eligibility criteria
Studies were included in the review if they: (i) recruited Australian Aboriginal and/or Torres Strait Islander people; (ii) performed spirometry; (iii) compared spirometry results of Indigenous participants with those of other ethnic groups (people of European ancestry or other) or a standard reference range; and (iv) included healthy community members.
Studies were excluded if they: (i) did not include a healthy comparison group; or (ii) were either comment articles or study protocols.
Study selection and data extraction Two of us (T B and M M) independently reviewed the search results. We identified potentially relevant studies from titles, abstracts or descriptions, then retrieved the full-text articles for review. We used specified criteria to independently select studies from among the full-text articles for inclusion. It was planned that a third person (A C) would adjudicate any disagreements.
Data extracted from each included study were: study location and population source, number of participants and their age range, participants' medical history and smoking status, equipment used and parameters measured, exclusion criteria, comparison of spirometry results with those of a non-Indigenous population, statistical model used and factors examined. It was also noted whether the studies attempted to develop reference equations from their data. Any objective assessments (eg, chest x-rays and medical examination, skin prick tests, airway hyper-responsiveness [AHR] and white blood cell counts) were also recorded.
We used the most appropriate method to grade the included studies in terms of quality, which was to examine their adherence to current ATSeERS guidelines for developing or validating reference equations.
Results
The database search identified 125 potential studies. Of these, 18 full-text publications were obtained for consideration for inclusion. Nine studies were excluded after reviewing the full text, leaving nine articles for inclusion. No further relevant studies were identified through searching bibliographies or the grey literature. Reasons for publication exclusions are shown in Box 1.
Study characteristics
The characteristics of the nine included studies are shown in Box 2. The studies took place in multiple locations around Australia: Queensland (3/9), Western Australia (3/9), Northern Territory (2/9), and both Queensland and the NT (1/9). All participants were recruited from rural and remote communities. Of the nine studies, four involved children and/or adolescents, one study focused solely on adults, and four studies included both children and adults. Overall, the studies recruited individuals aged about 5e85 years, although three of the studies did not record the oldest participant age. Seven of the studies tested participants of Aboriginal descent only, while two studies tested both non-Indigenous and Aboriginal Australians. No study stated inclusion of Torres Strait Islander people.
The type and depth of data obtained from the nine studies differed greatly. Atopy was objectively measured in two studies: using the skin prick test in one, and skin prick test and IgE serology in the other. Three studies assessed atopy status during physical examinations and/or by reviewing medical records, while the remaining four did not report any atopy information.
Respiratory history and current health were assessed using questionnaires and/or AHR tests in three studies, questionnaires and chest x-ray in one study and questionnaires alone in one study. Five studies reviewed medical charts to obtain previous hospitalisation data, and three studies recorded birth history. Physical examinations were undertaken in two studies. Smoking status was recorded in seven studies, but none used objective measures. Three studies used the British Medical Research Council questionnaire to assess previous and current smoking history. Three studies relied on self-reporting of current smoking status only, while one study asked only about mothers' smoking history during pregnancy (maternal smoking). 16, 19 directly compared results for Indigenous Australian participants with those of non-Indigenous Australians recruited to the study. The remaining seven studies compared results with previously published data; however, two studies 13, 14 did not specify the reference sets used. All the studies reported spirometry values in Indigenous people to be lower than those in people of European ancestry. However, there was a large variation in the differences observed. For example, Chandler and colleagues 20 noted Indigenous FEV 1 and FVC values to be 15% lower, whereas the studies by Verheijden and colleagues 15 and Veale and colleagues 17 reported results to be as much as 30% lower. Musk and colleagues 13 and Bucens and colleagues 14 noted that their spirometry results were similar to previous studies and lower than those in people of European ancestry, but did not specify how much lower.
Inconsistencies between the studies in how individuals were excluded from the sample population may have influenced the results. Three studies reported no exclusion criteria (Box 2). Six studies specified exclusion criteria, including not being able to perform the spirometry test. Two studies 17,18 excluded participants with known or current respiratory symptoms or illnesses, but only Thompson and colleagues 18 confirmed this by reviewing medical charts. No study excluded participants with current or previous smoking history.
All included studies involved prospective cohort groups and all followed appropriate ATSeERS criteria when performing spirometry. The aims of the studies differed and included observing lung function, 20 examining influencing factors [13] [14] [15] and developing reference equations for spirometry in Indigenous Australians (n ¼ 5). [16] [17] [18] [19] 21 None of the included studies followed all the ATSeERS and GLI criteria needed to develop reference equations or validate the spirometry results (Box 4). Only two studies 14, 17 recruited more than 300 participants, the minimum number required to validate new reference values for an ethnic population, according to GLI criteria. 12 
Discussion
To our knowledge, this is the first systematic review to critically examine studies that have measured spirometry values in Indigenous Australians, and to evaluate the validity of the reference values used or reference equations developed. All included studies reported lower spirometry values (15e30% lower) in Indigenous Australians compared with people of European ancestry. No study indicated having any Torres Strait Islander participants. The reported differences seen in these studies are are required to develop suitable Indigenous-specific reference values for use in this population.
Validated ethnic-appropriate reference values are essential for correct interpretation of spirometry results, which subsequently influences the diagnosis of disease (eg, COPD) and the severity of disease (eg, asthma). We found five studies [16] [17] [18] [19] 21 that developed reference equations for Aboriginal Australians. However, these studies lacked the rigorous exclusion criteria and appropriate participant numbers essential for developing or validating reference values for spirometry. While most studies excluded participants with respiratory symptoms (ie, known respiratory conditions, presence of cough or wheeze), no study also excluded participants who had a history of smoking or evaluated their history adequately. Exclusion of participants who have previously been hospitalised for respiratory infections (especially in childhood) is important as it is well known that these are associated with lower lung function and chronic respiratory diseases such as COPD and bronchiectasis. 3, 31 Furthermore, the sample size of all studies was small, with only two studies 14, 17 recruiting more than 300 participants, the minimum number required by the 2012 GLI guidelines. 12 Comparison of the reference equations developed in the studies highlights the potential for misinterpreting and misdiagnosing respiratory disease in the Indigenous population (Box 5). For example, in a hypothetical scenario, the reference equation for children generated by Watson and colleagues 19 predicted FEV 1 and FVC values up to 500 mL greater than those in the other three studies that developed reference equations for children. 16, 17, 21 Results for predicted FEV 1 and FVC values were also markedly different between the three studies that developed adult reference equations. Thompson and colleagues 18 predicted FEV 1 and FVC values up to 400 mL and 300 mL greater, respectively, than those predicted by Veale and colleagues 17 and Bremner and colleagues. 16 The end result of these differences is that some of the reference values developed in these studies would report lung function to be normal, while others would indicate the presence of disease in both children and adults.
The possible reasons given by the studies' authors for the lower spirometry values observed in Indigenous Australians included external factors (ie, asthma, smoking, cough, repeated childhood infections) affecting lung growth during childhood 13, 14, 16 and suboptimal environmental conditions causing a faster decline in lung function during adulthood. 17, 18 Differences between participant recruitment sites were considered the primary factor causing variation in spirometry results in Verheijden and colleagues' study, 15 as they noted lower spirometry values and more prevalent respiratory symptoms in the desert community compared with the tropical community. These factors, as well as access to quality health care, malnutrition, high levels of smoke exposure, premature birth and low birthweight, have been acknowledged in previous studies 27, [32] [33] [34] as negatively influencing respiratory health in these populations. However, the differences observed between the studies in terms of the influence of population differences may have been due to study designs (eg, rural and remote recruitment, pathogen testing).
Examining the effect of ethnicity on lung function is complicated by the fact that "ethnicity" often includes other influences such as social and cultural factors, 35 socio-economic status, 36 nutritional status (diet trends), 33 achieved educational level 34 and genetic factors from diverse backgrounds. 37 These factors are often difficult to quantify and measure. Unlike age or height, it is not yet known what influence ethnicity has on the development, decline and overall state of lung function in an individual. Also, selfidentified Indigenous Australians are likely to have a range of Indigenous genetic ancestry, which may further affect interpretation of lung function measurements. It is therefore necessary to examine healthy lung function results from both Aboriginal and Torres Strait Islander populations. Comparison of results between the two populations will determine if a single Indigenous reference equation is clinically appropriate or if two ethnic-specific equations are needed.
All the studies included in this review have important shortcomings that limit the reported findings. In previous studies conducted by members of our group using unadjusted values for spirometry, Indigenous children with lung disease (specifically asthma 38 and bronchiectasis 39 ) often had results within the healthy range for people of European ancestry. For example, the mean FEV 1 and FVC values in the asthma study were 95% predicted (SD, 18%) and 100% predicted (SD, 17%), respectively. 38 It is possible that a study that includes only healthy Indigenous Australians (strictly defined and with careful examination of medical history) will find spirometry reference values for Indigenous Australians similar to those for people of European ancestry, or requiring only a small adjustment factor.
Our systematic review also has some limitations. It was restricted to only nine studies, and the differences between the studies in terms of methods and reporting of results affected our ability to make direct comparisons between them.
In conclusion, Indigenous Australians may have a healthy lung function range that differs from that in people of European ancestry, 
